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Abstract
Detailed knowledge of how a rider’s seating style and riding on a circle influences the move-
ment symmetry of the horse’s head and pelvis may aid rider and trainer in an early recogni-
tion of low grade lameness. Such knowledge is also important during both subjective and
objective lameness evaluations in the ridden horse in a clinical setting. In this study, inertial
sensors were used to assess how different rider seating styles may influence head and pel-
vic movement symmetry in horses trotting in a straight line and on the circle in both direc-
tions. A total of 26 horses were subjected to 15 different conditions at trot: three unridden
conditions and 12 ridden conditions where the rider performed three different seating styles
(rising trot, sitting trot and two point seat). Rising trot induced systematic changes in move-
ment symmetry of the horses. The most prominent effect was decreased pelvic rise that
occurred as the rider was actively rising up in the stirrups, thus creating a downward
momentum counteracting the horses push off. This mimics a push off lameness in the hin-
dlimb that is in stance when the rider sits down in the saddle during the rising trot. On the cir-
cle, the asymmetries induced by rising trot on the correct diagonal counteracted the circle
induced asymmetries, rendering the horse more symmetrical. This finding offers an expla-
nation to the equestrian tradition of rising on the ‘correct diagonal.’ In horses with small pre-
existing movement asymmetries, the asymmetry induced by rising trot, as well as the circu-
lar track, attenuated or reduced the horse’s baseline asymmetry, depending on the sitting
diagonal and direction on the circle. A push off hindlimb lameness would be expected to
increase when the rider sits during the lame hindlimb stance whereas an impact hindlimb
lameness would be expected to decrease. These findings suggest that the rising trot may
be useful for identifying the type of lameness during subjective lameness assessment of hin-
dlimb lameness. This theory needs to be studied further in clinically lame horses.
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Introduction
Disorders of the locomotor apparatus are common in the riding horse population [1]. Retro-
spective studies of pre-purchase examinations showed that 20–53% of the horses were found
lame [2–4]. It can be assumed that the majority of sellers and buyers were unaware of such
lameness. Greve and Dyson [5] subjectively evaluated 506 horses considered sound by their
owners and found that 46% of the horses were lame. Objective symmetry measurements using
inertial sensors found that 73% of 222 riding horses—perceived as free from lameness by their
owners—had movement asymmetries, of which many were in the same range as measured in
horses deemed to be lame [6]. This high prevalence of asymmetries may indicate that many
horses are ridden despite the presence of orthopaedic pathology, with a subsequent increased
risk of developing chronic orthopaedic disease.
One possible reason for the apparent lack of recognition of lameness may be that the rider’s
seating style influences the movement asymmetry of the horse. Such rider induced asymme-
tries may complicate the perception of lameness for both rider and observer.
Due to its important welfare implication many aspects of horse-rider interaction has been
studied [7] but to a lesser extent the rider’s influence on vertical movement symmetry of the
horse. The dorsoventral movement of the spine will be decreased with the presence of a rider
in both sitting and rising trot [8]. In rising trot, also known as posting, the rider descends from
the standing position to sit down in the saddle during the second part of the stance phase of
one diagonal pair of limbs, to subsequently rise up during the end of that same stance to stand
up in the stirrups during the stance phase of the other diagonal. This uneven movement of the
rider produces an uneven biphasic load that affects the motion symmetry of the horse’s pelvis
and lumbar back [9]. During rising trot on circles or turns, the equestrian society defines the
correct diagonal as the rider sitting down when the outside forelimb and inside hindlimb are
in stance (i.e. on a right circle sitting down during left forelimb-right hindlimb stance and
standing up in the stirrups during right forelimb–left hindlimb stance). The reason for this def-
inition is not described.
In rising trot on a circle, on the correct diagonal, mainly pelvic asymmetries but also head
movement asymmetries, although to a lesser extent, have been observed [10]. In addition, lun-
geing on a circle will induce systematic changes in movement symmetry of head and pelvis in
both sound and lame horses [11–13]. In horses with pre-existing lameness (asymmetry score
above 0.05) Licka et al. [14] showed that the presence of a rider in sitting trot on a straight line
did not alter the degree of forelimb lameness. The degree of hindlimb lameness did increase
under an experienced rider but the type of lameness (impact or push off) was not described
[14].
To our knowledge, the effect of rider seating style on pre-existing motion asymmetries
while being ridden in rising trot and on a circle has not yet been studied. We believe that an
increased knowledge of how the rider seating style as well as riding on a circle influences
movement symmetry of the horse may aid observers and riders in detection of low grade lame-
ness during training. This is also important knowledge for subjective or objective lameness
evaluations of horses being ridden.
Therefore, the aim of this study was to objectively quantify how the rider’s seating style (sit-
ting, two point seat or rising trot) influences the movement symmetry in trotting horses, in a
straight line and on a circle. Our hypothesis was that rising trot and riding on a circle induce
systematic changes in the movement symmetry of the horse. We also tested a post-hoc hypoth-
esis that these asymmetries would attenuate or reduce any pre-existing movement asymme-
tries depending on whether the seating style- or circle-induced asymmetries agree or disagree
in direction with the pre-existing asymmetry.
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Materials and methods
In this study, inertial sensors were used to assess the effect of rider seating style on vertical
movement symmetry in 26 riding horses trotting on the straight and on the circle in both
directions, totaling three movement directions. The study protocol was approved by the Ethi-
cal Committee for Animal Experiments, Uppsala, Sweden and informed consent was obtained
from the Swedish National Equestrian Centre, Stro¨msholm, who owned all the horses.
Horses included (n = 26) were 18 geldings and 8 mares of Swedish Warmblood breed,
training at intermediate level in dressage and/or showjumping; mean (range) age 12 years (8–
18 years), height at withers 168 cm (161–175 cm), body mass 600 kg (540–658 kg). The horses
had not been treated for lameness for the six months preceding the data collection and were
considered free from lameness according to their owner. During the experiment all horses
were ridden by the same, left-handed, intermediate level dressage rider (height 178 cm and
body mass 60 kg), and wore their usual saddle and bridle with a snaffle bit.
Study protocol and data collection
The horses were subjected to 15 different conditions, trotting on the straight and on the circle
in both directions, totaling three movement directions. There were three unridden conditions
and 12 ridden conditions where the rider performed three different seating styles (the rising
trot style was performed on both diagonals, producing four seating conditions). First, ‘sitting:’
sitting trot with short reins (contact with the horse “on the bit”). Second, ‘two point seat:’ light
seat with loose reins (no contact). Third, ‘rising trot:’ with short reins where the rider descends
from the standing position to sit down in the saddle during the second part of the stance phase
of one of the diagonal limb pairs. The rising trot was performed both with the rider descending
during the right forelimb (RF)- left hindlimb (LH) diagonal stance and during the left forelimb
(LF)- right hindlimb (RH) diagonal stance (henceforth simply referred to as ‘sitting during
RF/LH diagonal stance’ or ‘sitting during LF/RH diagonal stance’). On a circle, the equestrian
society defines the correct diagonal for rising trot as sitting down when the outside forelimb
and inside hindlimb are in stance (i.e. on a right circle sitting during left forelimb-right hin-
dlimb stance and rising during left forelimb–right hindlimb stance). These seating styles were
then combined with the movement directions to create the following 15 conditions (see
Table 1).
The horses were randomly allocated to start with the unridden or ridden conditions and
the order of sub-categories of these were randomly assigned to each horse. Both sets of condi-
tions started with 5 min of warm-up (ridden or lunged). Whenever the horses were tripping,
changing gait or pulled excessively on the lunge line/lead rope, the condition was repeated
until a data collection, free from such unwanted behavior, was completed.
Instrumentation
The horses were fitted with a commercially available inertial measurement unit (IMU) system
(Lameness Locator, Equinosis TM) consisting of three sensors. One single axis (vertical) accel-
erometer with a range of 6 g was attached to the poll with a felt head bumper attached to the
bridle. Another sensor was taped to the midline of the pelvis between the two tubera sacrale.
The last and third sensor, a single axis (sagittal plane) gyroscope sensor with a range of 300˚/s,
was secured to the dorsum of the right forelimb pastern using a specially designed pastern
wrap. Each sensor measured 3.4 x 3.1 x 2.0 cm and had a mass of 31g. Data were digitally
recorded (8bits) at 200Hz and wirelessly transmitted to a handheld computer.
Movement symmetry was measured with the IMU system described above in the same
indoor arena (sand and fibre surface). The straight line measurements were performed back
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and forth approximately 60m in length, each way, along the long side of the arena. The circle
conditions were performed on a 12m diameter circle (size controlled by marker placed on the
lunge line or by markings on the ground).
Data processing
The sensor data were analyzed with the software included in the IMU system. The recorded
vertical acceleration was converted to vertical displacement using a moving-window, error
correcting, double integration algorithm as described by Keegan et al. 2001 and 2011 [15, 16].
Angular velocity data from the gyroscope was used for stride splitting. The two local displace-
ment minima and maxima for the head and pelvis in each stride were identified. Trial means
of the stride-to-stride difference of the minimum head (HDmin) or pelvic (PDmin) height
between right and left limb stances were calculated. Similarly HDmax and PDmax were calcu-
lated as the trial means of the stride-by-stride difference of the maximum head or pelvic height
prior to right limb stance minus the maximum head or pelvic height prior to left limb stance
[15]. Positive values thus indicate less downward movement during stance or less upward
movement produced in the push off phase (lower maximum position reached) of the right
forelimb or hindlimb. Thus positive values represent asymmetries attributed to less load
absorption/force production of the right forelimb/hindlimb, and negative values represent
asymmetries attributed to ditto of the left forelimb/hindlimb. Removal of single outliers (up to
maximum 10% of the strides) for the head movement was performed in the software package.
Statistical analysis
Data from all horses were analyzed using SAS statistical software1 (SAS Institute). Mixed
models were created using the procedure Proc Mixed with symmetry variables HDmin,
HDmax, PDmin and PDmax (trial means) as outcome. All ridden and unridden circle
Table 1. List of conditions and combined conditions for first mixed model.
Condition Combined condition
Unridden trials Unridden trials
‘unridden straight’ unridden straight
‘unridden circle right’ unridden circle
‘unridden circle left’ unridden circle
Ridden trials Ridden trials
‘ridden straight, sitting’ straight line sitting
‘ridden straight, two point seat straight line two point seat
‘ridden straight, rising trot, rider sitting during RF/LH diagonal stance’ straight line rising trot
‘ridden straight, rising trot, rider sitting during LF/RH diagonal stance’ straight line rising trot
‘ridden circle right, sitting’ circle sitting
‘ridden circle right, two point seat’ circle two point seat
‘ridden circle right, rising trot, sitting on correct diagonal (LF/RH)’ circle rising trot correct diagonal
‘ridden circle right, rising trot, sitting on incorrect diagonal (RF/LH)’ circle rising trot incorrect diagonal
‘ridden circle left, sitting’ circle sitting
‘ridden circle left, two point seat’ circle two point seat
‘ridden circle left, rising trot, sitting on correct diagonal (RF/LH)’ circle rising trot correct diagonal
‘ridden circle left, rising trot, sitting on incorrect diagonal (LF/RH)’ circle rising trot incorrect diagonal
The definitions of the 15 conditions performed and the 9 combinations of these (combined conditions) used in the
first mixed model analysis.
https://doi.org/10.1371/journal.pone.0195341.t001
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conditions were combined by mirroring the measurements from left circle conditions (they
were multiplied by -1). This allowed analysis of the main effect of the horses’ movements on a
circle independent of their individual differences between directions and the main effect of the
rider sitting on the correct and incorrect diagonals in relation to circle direction. Rising trot
on both diagonals in a straight line were also combined by mirroring measurements where the
rider was sitting during LF/RH diagonal stance. This resulted in a reduction (from originally
15) to 9 conditions evaluated in the first mixed model. Due to this reduction of conditions in
the statistical analysis the direction of the asymmetry (positive vs negative) in the outcome rep-
resents the asymmetries presented during straight line rising trot with the rider sitting down
during RF/LH diagonal stance and during ridden and unridden circles in the right direction.
The variable ‘combined condition’ (see Table 1) was entered as a fixed effect and the repeated
evaluation of each horse and the movement direction (left/right/straight) within each horse
was represented by a random intercept effect in each model. Each symmetry variable was
investigated for a reasonable transformation close to normality (i.e. transforming along the
ladder of powers, [denoting the response variable as x: -1/x2, -1/x, -1/square-root(x), log (x),
square-root(x), x and x2]) and plots of residuals scrutinized for normality. Evaluation of statis-
tical significance was made using type III p-values. Pairwise comparisons (option pdiff in SAS)
were performed for all conditions against the unridden straight condition, and also the ridden
circle conditions were compared to the unridden circle. The level of significance was set as
P<0.05.
Lame horses were not intentionally sought out in this study. However, in order test the
post-hoc hypothesis, a second set of mixed models were created for a subset of horses selected
for pre-existing asymmetry. Horses were deemed to show asymmetrical movement if they
showed values exceeding the recommended thresholds for repeatable asymmetries for the
head (absolute value 6 mm) or pelvic (absolute value 3mm) variables [15] and were thus
included in the mixed model of that variable. One mixed model was created for each of the
symmetry variables HDmin, HDmax, PDmin and PDmax. To enable a combination of left-
and right sided asymmetric horses in the same analysis all values for the asymmetry variable
(outcome variable) were multiplied by -1 for the horses with negative asymmetry values during
‘unridden straight’, effectively switching the sign of the asymmetry. This artificially rendered
all baseline asymmetries positive (i.e. attributed to the RF or RH). Horse was entered as a ran-
dom effect. The fixed effect was condition re-labeled to describe the position of the limb to
which the asymmetry was attributed, in relation to the direction and the rider’s seat (see S1
File). Normality was checked as described above and pairwise comparisons were made with
‘unridden straight’ using the same principles as above.
Results
From the 26 horses, 390 trials were collected, three trials in total were excluded; for one horse,
two trials (‘ridden circle left, sitting’ and ‘ridden circle right, sitting’) were excluded due to lack
of compliance with the desired condition (sitting trot with contact in reins not possible) and
for another horse one trial (‘ridden straight, rising trot sitting during RF/LH diagonal stance’)
was excluded due to unsuccessful data collection. During the baseline condition, ‘unridden
straight’, eighteen of the horses presented with one or more head and/or pelvic asymmetry var-
iables above the previously mentioned thresholds. Mean ± standard deviation of HDmin,
HDmax, PDmin and PDmax for all individual horses during ‘unridden straight’ are given in
Table 2. In the statistical analysis, all symmetry variables were kept untransformed except for
HDmin in the model using the subset of horses with asymmetrical movement where square
transformation was deemed most appropriate.
Influence of seating styles on head and pelvic vertical movement symmetry in horses ridden at trot
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Effects of conditions
The effect of the 15 different conditions (with the two circle directions and two rising diago-
nals combined in the statistical analysis resulting in 9 conditions presented) on head and pelvic
symmetry variables across all horses are presented in Figs 1 and 2 and as mixed model output
in the supplementary material (S2 File).
Effect of conditions in horses with small pre-existing movement
asymmetries
Data for horses with small pre-existing movement asymmetries during baseline measurements
are presented in Figs 3 and 4 and as mixed model output in the supplementary material (S3
File).
Discussion
In the present study, we assessed the influence of commonly used rider seating styles in combi-
nation with straight and circular tracks on vertical movement symmetry in riding horses dur-
ing trot. As a post-hoc hypothesis, we also investigated the effect on small pre-existing
movement asymmetries in a subset of the horses.
Effect of sitting trot and two point seat
Riding in straight line trot in a symmetrical seating style, such as sitting trot or two point seat
did not influence the investigated vertical movement symmetry of the head and pelvis, neither
in the complete dataset nor in the subset of horses with small pre-existing movement asymme-
tries. This is in agreement with Licka et al. [14], suggesting that the symmetrical load induced
by the rider throughout the stride cycle in these positions does not affect the horse’s vertical
Table 2. Baseline asymmetry.
Horse Head Pelvis Horse Head Pelvis
HDmin HDmax PDmin PDmax HDmin HDmax PDmin PDmax
1 -3.7 -5.7 -2.9 -1.3 14 -0.7 1.4 3.3 -3.6
2 1.5 8.3 0.2 2.9 15 10.4 -8.1 -3.0 -3.9
3 3.8 3.4 -0.6 -1.5 16 1.5 -2.1 1.6 4.7
4 4.2 -1.0 -0.2 2.9 17 3.6 -3.6 1.0 -1.1
5 -2.6 6.2 1.3 -3.6 18 3.3 2.7 3.1 -2.7
6 -5.0 -1.0 -0.5 1.4 19 -7.9 -1.9 -5.9 -1.2
7 10.3 4.0 -3.0 -0.4 20 7.7 0.0 3.3 9.0
8 -0.3 8.2 -4.4 4.5 21 8.8 9.3 5.1 1.1
9 -1.6 2.9 -2.2 -1.4 22 -2.6 2.0 0.2 -0.1
10 -1.4 -9.2 4.1 0.0 23 -0.5 -10.7 1.9 -0.1
11 0.0 3.3 -1.5 0.5 24 2.1 2.5 3.7 1.4
12 6.1 -1.9 1.8 2.0 25 2.3 16.3 -3.2 -3.0
13 2.8 5.6 -4.9 -5.0 26 0.6 -3.8 -4.3 1.4
 Boldface: Head or pelvic mean asymmetry variables with an absolute value of HDmin/HDmax of  6 mm or PDmin/PDmax of 3 mm.
Mean ± standard deviation of head and pelvic vertical asymmetry variables HDmin, HDmax, PDmin and PDmax for all individual horses during the baseline ‘unridden
straight’ condition. Positive values indicate less downward movement during stance or less upward movement (lower maximum position reached) after the right (fore
or hind) limb and negative values during/after the left (fore or hind) limb.
https://doi.org/10.1371/journal.pone.0195341.t002
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movement symmetry. However in contrast to the present study, Licka et al. [14] did demon-
strate an increased asymmetry in the hindlimb lame horses when ridden by an experienced
rider, not seen under a novice rider. We do not know whether the differences in the results
between these two studies are related to the origin and degree of hindlimb asymmetries, or an
effect of the riders and their demands on the horse, such as degree of collection or static or
dynamic rider asymmetry.
Fig 1. Head movement asymmetry per conditions. The mean difference in vertical minimum and maximum heights during/after right and left stance phases in trot
for the head ((A) HDmin and (B) HDmax) are presented per condition. The gray dots indicate outliers. Significant differences from ‘unridden straight’ is indicated by
a. Significant differences from’unridden circle’ is indicated by b. These pairwise comparisons were performed on mixed model output. Right and Left indicates right
sided (positive) and left sided (negative) attributed asymmetries respectivly. Inside and Outside indicates the assymmetry being attributed to the inside (positive) and
outside (negative) forelimb respectivly. Note that during rising trot in a straight line the rider is sitting down during the stance of RF/LH and that circles are performed
to the right. This is due to the mirroring of data of the left circle and straight line rising trot on the opposite diagonal.
https://doi.org/10.1371/journal.pone.0195341.g001
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Effect of rising trot
In contrast to symmetrical seating styles the rider movements during rising trot was shown to
significantly influence the movement symmetry of the horse. The pelvis reached a lower mini-
mum position during the stance phase when the rider was sitting, likely reflecting an increased
loading of that hindlimb (Fig 2A). This is in accordance with Roepstorff et al. [9] who found
relatively increased vertical ground reaction force during the stance phase when the rider was
Fig 2. Pelvic movement asymmetry per conditions. The mean difference in vertical minimum and maximum heights during/after right and left stance phases in trot
for the pelvis ((A) PDmin and (B) PDmax) are presented per condition. The gray dots indicate outliers. Significant differences from ‘unridden straight’ is indicated by a.
Significant differences from’unridden circle’ is indicated by b. These pairwise comparisons were performed on mixed model output. Right and Left indicates right
sided (positive) and left sided (negative) attributed asymmetries respectivly. Inside and Outside indicates the assymmetry being attributed to the inside (positive) and
outside (negative) hindlimb respectivly. Note that during rising trot in a straight line the rider is sitting down during the stance of RF/LH and that circles are performed
to the right. This is due to the mirroring of data of the left circle and straight line rising trot on the opposite diagonal.
https://doi.org/10.1371/journal.pone.0195341.g002
Influence of seating styles on head and pelvic vertical movement symmetry in horses ridden at trot
PLOS ONE | https://doi.org/10.1371/journal.pone.0195341 April 5, 2018 8 / 15
sitting. This might suggest that IMU measurements can be used as a proxy for ground reaction
forces during riding. A change in PDmax was seen with a lower maximum pelvic position
reached after push off when the rider was concurrently rising (Fig 2B). Probably this occurs
due to the downward momentum induced when the rider actively rises and counteracts the
hindlimb push off. This mimics a push off lameness in that hindlimb and agrees with the
increased downward force through the stirrups when rising in the saddle that has previously
Fig 3. Head movement asymmetry per condition in the horse subsets selected for asymmetry. Each condition was labelled to describe the position of the forelimb
that the asymmetry was attributed to in relation to the movement direction and the rider’s seating style. For example ‘lame’ limb to inside means that the forelimb the
asymmetry is attributed to is on the inside of a circle. Rising trot sitting ‘lame’ means that the rider sits down during the stance phase of the ‘lame’ forelimb. Conditions
with two point seat and sitting trot are not shown. Significant differences from unridden straight is indicated by a. Pairwise comparisons between trial conditions were
performed on mixed model output. Since left and right asymmetries were combined in the statistical analysis, the direction (positve vs negative) of the asymmetries seen
represents those for a horse with a right forelimb attributed asymmetry.
https://doi.org/10.1371/journal.pone.0195341.g003
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been described [17, 18]. HDmin was not significantly affected by rising trot on a straight line
in agreement with Robartes et al. [10] (Fig 1A). HDmax showed increased maximum height
reached by the head after push off of from the forelimb during which stance the rider was sit-
ting (Fig 1B). This could be due to the rider interfering with the normal movement by raising
the hand and thus encouraging the horse’s head in an upward direction through the bit as the
rider rises.
Fig 4. Pelvic movement asymmetry per condition in the horse subsets selected for asymmetry. Each condition was labelled to describe the position of the hindlimb
that the asymmetry was attributed to in relation to the movement direction and the rider’s seating style. For example ‘lame’ limb to inside means that the hindlimb the
asymmetry is attributed to is on the inside of a circle. Rising trot sitting ‘lame’ means that the rider sits down during the stance phase of the ‘lame’ hindlimb. Conditions
with two point seat and sitting trot are not shown. Significant differences from unridden straight is indicated by a. Pairwise comparisons between trial conditions were
performed on mixed model output. Since left and right asymmetries were combined in the statistical analysis, the direction (positve vs negative) of the asymmetries seen
represents those for a horse with a right hindlimb attributed asymmetry.
https://doi.org/10.1371/journal.pone.0195341.g004
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Effect of the circle
During lungeing, there was an increase in PDmin asymmetry, indicating less downward
pelvic movement during the inner hindlimb stance, in agreement with Rhodin et al. [13]
and Starke et al. [11] (Fig 2A). PDmax was not significantly affected by lungeing (Fig 2B).
This is in accordance with a previous study where some horses reached a lower maximum
pelvic height after outside (more common) and other horses after inside hindlimb stance
[13]. In earlier studies, head parameters were less systematically affected by the circular
track and similar to pelvic PDmax variably found to be attributed to the inner or outer fore-
limb in different horses [13]. A decreased downward movement of the head during inside
forelimb stance has been shown in two studies [11–12] and decreased downward movement
during outside forelimb stance was most common in another [13]. In the present study,
there was no significant difference from ‘unridden straight’ for the two head variables dur-
ing lungeing (Fig 1). The distribution around zero suggests that the head asymmetry param-
eters were variably attributed to the inner or outer forelimb in this study population, as is
also seen in Rhodin et al. [13].
Effect of the combination of circle and rising trot
The results of this study show that hindlimb movement asymmetry variables are influenced
both by circular movement and rising trot. This supports our first hypothesis that rising trot
and riding on a circle induce systematic changes in the movement symmetry of the horse. Ris-
ing on the correct diagonal on the circle (sitting during outside forelimb/inside hindlimb diag-
onal stance) induced a PDmin asymmetry of opposite direction to the circle induced
asymmetry (Fig 2A). The horses in the present study became significantly more symmetric
with the rider rising on the correct diagonal compared with lungeing in the same direction,
which is in contrast to Robartes et al. [10]. Furthermore, rising on the incorrect diagonal on a
circle induced the highest degree of asymmetry for all variables. Here we offer a biomechanical
explanation which supports the traditional equestrian instruction that recommends the use of
a certain ‘diagonal’ in rising trot on a circle. PDmax was distinctly more affected by the rising
trot than by the circle (Fig 2B). In addition, similarly to the straight line, there was a decrease
in pelvic height reached after the stance of the hindlimb during which the rider was sitting.
Although unridden exercise on the circle did not induce changes for the head parameters
(compared to in-hand straight line), there were some significant effects with the addition of a
rider (Fig 1). HDmin for most of the ridden conditions showed similar findings to Starke et al.
[11] with a reduced downward movement during the inside forelimb stance, mimicking an
inner forelimb lameness. An explanation for this could be that the riders influence on the head
by the reins or added weight equate the horses moving patterns on the circle from variably
inner and outer forelimb attributed HDmin towards a more consistent inner forelimb
HDmin.
Changes in horses with pre-existing asymmetries
In general, the asymmetry measured during a given condition appeared to be a simple summa-
tion of the baseline asymmetry of the horse and the asymmetries induced by the rider and
those induced by a circular track. This means that a horse with a PDmin asymmetry attributed
to the right hindlimb will increase in amount of asymmetry on a straight line if the rider is
seated during the left (sound) hindlimb stance, thus summating the baseline asymmetry with
the asymmetry induced by the rising trot (Fig 4A). This contrasts with an orthopedic textbook
where lameness is described to increase when sitting during lame hindlimb stance [19]; how-
ever, no reference is being made to the type of lameness or how the lameness had been
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evaluated or quantified. In the present study, the horses with a right hindlimb impact move-
ment asymmetry (PDmin) had the highest degree of asymmetry when trotting on a right circle
with the rider rising on the incorrect diagonal since the circle induced PDmin asymmetry [11,
13] is also added. This is in accordance with the summation between induced hindlimb lame-
ness and circle induced asymmetry, as seen in Rhodin et al. [20]. A horse with a right hindlimb
push off movement asymmetry (PDmax) will have an even further decreased upward pelvic
movement (becoming more asymmetric) during rising trot when the rider is seated during the
stance of the hindlimb with decreased push off (Fig 4B). Such horses show the highest degree
of motion asymmetry when the limb with decreased push off is located to the outside of the
circle and the rider rises on the incorrect diagonal. Both PDmin and PDmax also decrease dur-
ing some conditions when the baseline asymmetries are counteracted by circle and/or rider
induced asymmetries (Fig 4).
Both HDmin and HDmax asymmetries can be decreased by rising trot on one of the diago-
nals and by riding in a left or right circle (Fig 3). Accentuating a head asymmetry is harder.
Horses with decreased downward head movement during the stance phase of one forelimb
(HDmin asymmetry) significantly increase degree of asymmetry with that limb to the inside of
a circle and the rider simultaneously rising on the incorrect diagonal. HDmax never increase
significantly. In the present study, no significant increase for the head variables was seen dur-
ing lungeing. This is in contrast to Pfau et al. [21], describing an increase with the lame fore-
limb to the inside of a circle, most prominently on the hard surface but also seen on a soft
surface. On the contrary, Rhodin et al. [20] saw an increased asymmetry with the lame limb on
the outside of the circle on a soft surface, although this finding was only significant for one of
the directions. The difference in results between these studies and the present may be related
to degree of asymmetry, which is small for these horses, or the nature of the asymmetry, which
is unknown for the horses in the present study.
The demonstrated increase or decrease of pre-existing movement asymmetries depending
on condition provides supporting evidence for the second hypothesis: rising trot on the incor-
rect diagonal on the circle will increase any HDmin/PDmin/PDmax asymmetries in the direc-
tion where the circle induced asymmetries exacerbate the initial asymmetry.
Limitations of the study
The horses included in this study were all in full training, considered non-lame by their owner
and had not been treated for lameness recently. It is unknown whether the initial asymmetries
seen in the asymmetric subsets are caused by pain or could reflect biological variation. The
degree of asymmetry exceeded the recommended thresholds for repeatable [15] and relevant
asymmetries but were still low-grade. Additional data should be collected from horses with
clinically diagnosed lameness in order to improve our understanding of the meaning and diag-
nostic potential of lungeing and riding exercises in the context of different underlying causes
of lameness.
The same intermediate level rider was used to minimize possible variation between riders
in order to study the influence of the different conditions on the vertical movement asymmetry
of the horses. The use of only one rider means that caution has to be applied when aiming at
generalizing the results, as riders can themselves be asymmetric in their movement patterns
[22]. Such rider asymmetries may have contributed to some of the differences reported when
comparing our findings to previously published data. Finally, all measurements were con-
ducted on a soft surface. This represents a commonly used type of surface for training, compe-
tition [23] and ridden exercises during lameness work up but prevents generalization of results
to other surface types.
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Conclusions
Rising trot, but not sitting trot or two point seat, induces systematic changes in vertical move-
ment symmetry of head and pelvis in riding horses. The most prominent effect was decreased
pelvic rise that probably occurs due to the downward momentum induced when the rider
actively rises, counteracting the hindlimb push off. This mimics a push off lameness in the hin-
dlimb of the diagonal the rider was sitting on in the rising trot. When ridden on a circle the
asymmetry induced by rising trot on the correct diagonal counteracts circle induced asymme-
try, rendering the horse more symmetrical. This offers an explanation to the equestrian princi-
ple of rising on the ‘correct diagonal’.
In horses with small pre-existing movement asymmetries, the asymmetry induced by rising
trot and the circular track increases or decreases the horse’s baseline asymmetry depending on the
sitting diagonal and direction on the circle. These findings suggests that trot on a circle and rising
on the incorrect diagonal, highlights most pre-existing asymmetries on one of the directions. The
knowledge of how to amplify pre-existing asymmetries in the horses may thus augment the sensi-
tivity of the visual evaluation of low grade asymmetry. For hindlimb lameness, rising trot may be
used to identify the type of lameness during subjective evaluation. A push off lameness (PDmax)
would be expected to increase when the rider sits down during the lame hindlimb stance whereas
an impact lameness (PDmin) would be expected to decrease. This needs to be investigated further
in horses with a higher degree of asymmetry and diagnosed clinical lameness.
Supporting information
S1 File. Tables of renamed conditions for second mixed model. Excel sheet containing table
of the renamed conditions for the second mixed model analysis (asymmetric subset).
(XLSX)
S2 File. Output from the first mixed model. Excel sheet containing table of output from the
first mixed model of all horses.
(XLSX)
S3 File. Output from the second mixed model. Excel sheet containing table of output from
the second mixed model using the subset of horses selected for asymmetry.
(XLSX)
S4 File. Data sets used for the data analysis. Excel book containing sheets with the data sets
used for the five different mixed model analyses preformed. Sheet ‘Abbreviations’ contains
explanations of the variable names. Sheet ‘All_horses’, contains the data for the analysis includ-
ing all horses. Sheet ‘HDmin_asymmetric’, ‘HDmax_asymmetric’, ‘PDmin_asymmetric’ and
‘PDmax_asymmetric’ contains the data from the asymmetric subsets selected for asymmetry
of the respective symmetry variables.
(XLSX)
Acknowledgments
We would like to thank the rider who rode all horses in this study and the Swedish National
Equestrian Centre, Stro¨msholm, who volunteered their horses for participation.
Author Contributions
Conceptualization: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro Andersen,
Marie Rhodin.
Influence of seating styles on head and pelvic vertical movement symmetry in horses ridden at trot
PLOS ONE | https://doi.org/10.1371/journal.pone.0195341 April 5, 2018 13 / 15
Data curation: Emma Persson-Sjodin, Elin Hernlund, Marie Rhodin.
Formal analysis: Emma Persson-Sjodin, Elin Hernlund, Marie Rhodin.
Funding acquisition: Marie Rhodin.
Investigation: Emma Persson-Sjodin, Elin Hernlund, Marie Rhodin.
Methodology: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro Andersen,
Marie Rhodin.
Project administration: Marie Rhodin.
Resources: Marie Rhodin.
Supervision: Elin Hernlund, Marie Rhodin.
Validation: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro Andersen, Marie
Rhodin.
Visualization: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro Andersen,
Marie Rhodin.
Writing – original draft: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro
Andersen, Marie Rhodin.
Writing – review & editing: Emma Persson-Sjodin, Elin Hernlund, Thilo Pfau, Pia Haubro
Andersen, Marie Rhodin.
References
1. Penell JC, Egenwall A, Bonnett BN, Olson P, Pringle J. Specific causes of morbidity among Swedish
horses insured for veterinary care between 1997 and 2000. Veterinary record. 2005; 157:470–477.
PMID: 16227382
2. Landman MAAM, Blaauw JA, van Weeren PR, Hofland LJ. Field study of the prevalence of lameness in
horses with back problems. Veterinary Record. 2004; 155: 165–168. PMID: 15357376
3. Vos NJ. Incidence of osteochondrosis (dissecans) in Dutch Warmblood horses presented for pre-pur-
chase examination. Irish Veterinary Journal. 2008; 61(1):33–37. https://doi.org/10.1186/2046-0481-61-
1-33 PMID: 21851701
4. Hoogmoed LM, Snyder JR, Thomas HL, Harmon FA. Retrospective evaluation of equine prepurchase
examinations performed 1991–2000. Equine Vet J. 2003; 35(4):375–381. PMID: 12880005
5. Greve L, Dyson SJ. The interrelationship of lameness, saddle slip and back shape in the general sports
horse population. Equine Vet J. 2014; 46(6):687–694. https://doi.org/10.1111/evj.12222 PMID: 24372949
6. Rhodin M, Egenvall A, Haubro Andersen P, Pfau T. Head and pelvic movement asymmetries at trot in
riding horses in training and perceived as free from lameness by the owner. PLoS One. 2017; 12(4):
e0176253. https://doi.org/10.1371/journal.pone.0176253 PMID: 28441406
7. Clayton HM, Hobbs S-J. The role of biomechanical analysis of horse and rider in equitation science.
Applied Animal Behaviour Science. 2017. https://doi.org/10.1016/j.applanim.2017.02.011
8. Heim C, Pfau T, Gerber V, Schweizer C, Doherr M, Schupbach-Regula G, et al. Determination of verte-
bral range of motion using inertial measurement units in 27 Franches-Montagnes stallions and compari-
son between conditions and with a mixed population. Equine Vet J. 2016; 48(4):509–516. https://doi.
org/10.1111/evj.12455 PMID: 25919410
9. Roepstorff L, Egenvall A, Rhodin M, Bystro¨m A, Johnston C, Weeren PR, et al. Kinetics and kinematics
of the horse comparing left and right rising trot. Equine Veterinary Journal. 2009; 41(3):292–296. https://
doi.org/10.2746/042516409x397127 PMID: 19469238
10. Robartes H, Fairhurst H, Pfau T. Head and pelvic movement symmetry in horses during circular motion
and in rising trot. Veterinary journal. 2013; 198 Suppl 1:e52–8. https://doi.org/10.1016/j.tvjl.2013.09.033
PMID: 24144771
11. Starke SD, Willems E, May SA, Pfau T. Vertical head and trunk movement adaptations of sound horses
trotting in a circle on a hard surface. Veterinary journal. 2012; 193(1):73–80. https://doi.org/10.1016/j.
tvjl.2011.10.019 PMID: 22104508
Influence of seating styles on head and pelvic vertical movement symmetry in horses ridden at trot
PLOS ONE | https://doi.org/10.1371/journal.pone.0195341 April 5, 2018 14 / 15
12. Pfau T, Jennings C, Mitchell H, Olsen E, Walker A, Egenvall A, et al. Lungeing on hard and soft sur-
faces: Movement symmetry of trotting horses considered sound by their owners. Equine Vet J. 2016; 48
(1):83–9. https://doi.org/10.1111/evj.12374 PMID: 25297461.
13. Rhodin M, Roepstorff L, French A, Keegan KG, Pfau T, Egenvall A. Head and pelvic movement asym-
metry during lungeing in horses with symmetrical movement on the straight. Equine Vet J. 2016; 48
(3):315–320. https://doi.org/10.1111/evj.12446 PMID: 25808700
14. Licka T, Kapaun M, Peham C. Influence of rider on lameness in trotting horses. Equine Veterinary Jour-
nal. 2004; 36(8):734–736. PMID: 15656506
15. Keegan KG, Kramer J, Yonezasawa Y, Maki H, Pai PF, Dent EV, et al. Assessment of repeatability of a
wireless, inertial sensor–based lameness evaluation system for horses. Equine Veterinary Journal.
2011; 42:92–97.
16. Keegan KG, Pai PF, Wilson DA, Smith BK. Signal decomposition method of evaluating head movement
to measure induced forelimb lameness in horses trotting on a treadmill. Equine Veterinary Journal.
2001; 33(5):446–451. PMID: 11558738
17. Martin P, Cheze L, Pourcelot P, Desquilbet L, Duray L, Chateau H. Effect of the rider position during ris-
ing trot on the horse’s biomechanics (back and trunk kinematics and pressure under the saddle). Jour-
nal of biomechanics. 2016; 49(7):1027–1033. https://doi.org/10.1016/j.jbiomech.2016.02.016 PMID:
26947029
18. van Beek FE, de Cocq P, Timmerman M, Muller M. Stirrup forces during horse riding: a comparison
between sitting and rising trot. Veterinary journal. 2012; 193(1):193–198. https://doi.org/10.1016/j.tvjl.
2011.10.007 PMID: 22100209
19. Ross M. Movement. In: Ross M and Dyson S, editors. Diagnosis and management of lameness in the
horse. 2:nd edition. Missouri: Elsevier; 2011. pp. 64–80.
20. Rhodin M, Pfau T, Roepstorff L, Egenvall A. Effect of lungeing on head and pelvic movement asymme-
try in horses with induced lameness. Veterinary journal. 2013; 198 Suppl 1:e39–45. https://doi.org/10.
1016/j.tvjl.2013.09.031 PMID: 24140227
21. Pfau T, Jennings C, Mitchell H, Olsen E, Walker A, Egenvall A, et al. Lungeing on hard and soft sur-
faces: Movement symmetry of trotting horses considered sound by their owners. Equine Vet J. 2016;
48(1):83–89. https://doi.org/10.1111/evj.12374 PMID: 25297461
22. Symes D, Ellis R. A preliminary study into rider asymmetry within equitation. Veterinary journal. 2009;
181(1):34–7.
23. Egenvall A, Tranquille CA, Lonnell AC, Bitschnau C, Oomen A, Hernlund E, et al. Days-lost to training
and competition in relation to workload in 263 elite show-jumping horses in four European countries.
Prev Vet Med. 2013; 112(3–4):387–400. https://doi.org/10.1016/j.prevetmed.2013.09.013 PMID:
24125697
Influence of seating styles on head and pelvic vertical movement symmetry in horses ridden at trot
PLOS ONE | https://doi.org/10.1371/journal.pone.0195341 April 5, 2018 15 / 15
